Chronic exposure to nicotine leads to long-term changes in both the abundance and activity of nicotinic acetylcholine receptors, processes thought to contribute to nicotine addiction. We have found that in Caenorhabditis elegans, prolonged nicotine treatment results in a long-lasting decrease in the abundance of nicotinic receptors that control egg-laying. In naive animals, acute exposure to cholinergic agonists led to the efficient stimulation of egg-laying, a response mediated by a nicotinic receptor functionally expressed in the vulval muscle cells. Overnight exposure to nicotine led to a specific and long-lasting change in egg-laying behavior, which rendered the nicotine-adapted animals insensitive to simulation of egg-laying by the nicotinic agonist and was accompanied by a promoter-independent reduction in receptor protein levels. Mutants defective in the gene tpa-1, which encodes a homolog of protein kinase C (PKC), failed to undergo adaptation to nicotine; after chronic nicotine exposure they remained sensitive to cholinergic agonists and retained high levels of receptor protein in the vulval muscles. These results suggest that PKC-dependent signaling pathways may promote nicotine adaptation via regulation of nicotinic receptor synthesis or degradation.
After prolonged exposure to nicotine or other agonists, nicotinic acetylcholine receptors undergo changes in both activity and abundance. For example, in some cell types, long-term nicotine treatment has been shown to cause a long-lasting inactivation of nicotinic receptors that is distinct in both time course and persistence from the rapid, receptor-intrinsic desensitization induced by receptor agonists (Simasko et al., 1986; Lukas, 1991) . In addition, chronic exposure to nicotinic agonists has been shown to cause changes in the abundance of nicotinic receptors in both neurons and muscle cells. For example, long-term exposure to nicotine leads to an increase in the density of ␣2␤4 nicotinic receptors in the mammalian CNS (Wonnacott, 1990; Flores et al., 1992) . Conversely, chronic exposure to nicotinic agonists leads to a decreased abundance of extrajunctional receptors in chick myotubes (Gardner and Fambrough, 1979) . Depending on the context and cell type, ␣7-containing receptors have been shown to be either downregulated (Messing, 1982) or upregulated (Barrantes et al., 1995; Rogers and Wonnacott, 1995; Molinari et al., 1998) by chronic nicotine treatment. In some cases, agonist-induced changes in receptor abundance appear to be mediated at the transcriptional level (Changeaux, 1991) , whereas in other cases, a variety of posttranscriptional processes, including changes in rates of receptor assembly, intracellular targeting, and protein turnover, have been implicated (Marks et al., 1992; Peng et al., 1994; Bencherif et al., 1995; Rothhut et al., 1996) . Yet despite the importance of these processes to synaptic plasticity and their potential involvement in nicotine addiction (Dani and Heinemann, 1996) , at present there is little information about the specific molecules and intracellular signaling pathways that regulate nicotinic receptor activity and abundance.
One way to investigate the mechanisms underlying nicotinic receptor regulation is to use a genetically tractable animal such as Caenorhabditis elegans. C. elegans has a simple, well characterized nervous system and is well suited for investigating how specific neurotransmitters, receptors, and signaling molecules function within the context of the nervous system to produce behavior. C. elegans contains a diverse family of nicotinic receptor genes (Ballivet et al., 1996; Bargmann, 1998; Mongan et al., 1998) , including both neuromuscular and neuronal receptor subtypes (Squire et al., 1995; Treinin and Chalfie, 1995; Baylis et al., 1997) . Several of these, including the unc-29 gene, have been shown to encode functional receptor subunits when expressed ectopically in oocytes . Nicotinic receptor agonists have specific and easily assayed effects on several aspects of C. elegans behavior, including locomotion, feeding, and egg-laying (Lewis et al., 1980; Trent et al., 1983; Avery and Horvitz, 1990) . A number of paradigms for behavioral plasticity have been defined in C. elegans (Hedgecock and Russell, 1975; Rankin et al., 1990; Colbert and Bargmann, 1995; Schafer and Kenyon, 1995; Wen et al., 1997) , demonstrating that these animals are capable of at least simple forms of learning. Thus, it seemed reasonable to ask whether chronic exposure to nicotine resulted in long-term changes in the abundance or activity of C. elegans nicotinic receptors and, if so, to identify molecules required for these processes.
MATERIALS AND METHODS
Eg g-laying assays. Unless otherwise stated, nematodes were grown and assayed at room temperature on standard nematode growth medium (NGM) seeded with Escherichia coli strain OP50 as a food source. All animals tested were young adult (i.e., within 24 hr of the L4 -adult molt) hermaphrodites. For dose -response experiments, individual animals were placed in microtiter wells containing liquid M9 and the indicated concentration of drug. In the acute-response experiments (see Fig. 1 ), the number of eggs laid in response to levamisole was assayed after 1 hr. For nicotineadaptation experiments (see Figs. 2, 4, 6) , worms were placed on 30 mM nicotine (Sigma, St. L ouis, MO)-seeded NGM plates for varying lengths of time and tested for the response to levamisole in individual liquid M9 assays. To maximize the possibility that a levamisole-sensitive animal would lay eggs, eggs were counted after 4 hr in levamisole in these assays. Because of the relative impermeability of the nematode cuticle, internal concentrations of all drugs have been estimated to be several orders of magnitude lower than their concentrations in the growth medium (Lewis et al., 1980) .
Microscopy. The strain Z Z2001 (genotype, ; kindly provided by Jim Lewis) was used for localization of UNC-29 receptors. For visualization of VC-vulval muscle synapses, we used the strain NM670 [genotype, lin-15(n765) ; jsIs42x [punc-4::snb-1::GFP, lin-15(ϩ)]; kindly provided by Mike Nonet (1999) ]. For visualization of the tpa-1 gene product protein kinase C (PKC), the strain TF6 (see below) was used. Worms were placed on agar pads and immobilized with 30 mM sodium azide. Green fluorescent protein (GFP) was visualized using standard immunofluorescence techniques at a magnification of 100ϫ. Images were collected using a high-speed monochrome CCD camera (Hamamatsu) and analyzed using Metamorph image-processing software. To quantitate fluorescence intensity, the average background intensity was determined for each image and subtracted from the final fluorescent intensity. Then, the average, maximum, and minimum intensities were measured, along with the average area of fluorescence. unc-29::GFP-expressing lines generated in our own laboratory using dpy-20(ϩ) as a coinjection marker showed fluorescence in essentially the same set of cells as Z Z2001 (data not shown).
Generation of transgenic lines. Transgenic lines expressing the UNC -29 protein in specific cell types were constructed in the following manner. To express UNC -29 in the vulval muscles, a 2510 bp piece of unc-29 cDNA was cut from the plasmid pPD95.86. This piece was subcloned into the vector pSAK-10 (obtained from A. Fire) downstream of the region containing 18 repeats of the vulval muscle-specific ndE-box enhancer. This plasmid was injected at ϳ100 ng /l into unc-29(x29); dpy-20(e1282) worms using wild-type dpy-20(ϩ) DNA as a coinjection marker (25 ng /l). The F1 generation was scored for rescue of the dpy phenotype. Transgenic lines transmitting an ndE-box::unc-29; dpy-20(ϩ) extrachromosomal array were identified by assaying the non-Dpy progeny of non-Dpy F1 transformants for egg-laying in the presence of 25 M levamisole in M9. tpa-1::GFP reporter constructs. The expression pattern of tpa-1 was evaluated using the strain TF6 (genotype, unc-119(e2498); Is [tpa-1A::GFP; unc-119(ϩ)] ). T wo mRNA species, tpa-1A and tpa-1B, are transcribed from the tpa-1 gene, which consists of 11 exons. The tpa-1A mRNA contains all of the 11 exons, and the tpa-1B mRNA contains exons V-X I. The tpa-1A::GFP reporter construct was generated by inserting a 9 kb NaeI fragment, which contained the tpa-1A 5Ј upstream region along with the first two exons of the tpa-1A-coding sequence, into the SmaI site of the GFP expression plasmid pGFP-N3 (C lontech, C ambridge, UK). The resulting plasmid tpa-1A::GFP was injected into the germ lines of unc-119 mutant animals using wild-type unc-119(ϩ) DNA as a cotransformation marker; rescued transgenic lines expressing tpa-1A::GFP were identified among the progeny. ] extrachromosomal array was integrated into the chromosome by UV irradiation.
Anal ysis of eg g-laying patterns. Egg-laying in C. elegans occurs in a specific temporal pattern; egg-laying events are clustered, with periods of active egg-laying, or active phases, separated by long inactive phases during which eggs are retained. Both the duration of the inactive phases ("intercluster intervals") and the duration of intervals between egg-laying events in a cluster ("intracluster intervals") model as exponential random variables with different time constants (Waggoner et al., 1998) . We found ( Table 1 ) that in wild-type animals treated overnight with nicotine, the duration of the inactive phase was significantly lengthened, while the rate of egg-laying within the active phase was actually increased (Table 1 , rows 1, 2). Even after 24 hr in the absence of drug, nicotine-adapted animals exhibited significantly longer inactive egg-laying periods (Table 1, row 3). unc-29 mutant animals also showed a longer-than-normal inactive phase (Table 1 , row 4). The egg-laying behavior of individual animals on solid media (NGM agar) was recorded for 4 -8 hr as described using an automated tracking system (Waggoner et al., 1998) .
Maximum likelihood estimates of intercluster and intracluster time constants were determined as described (Z hou et al., 1998) . Briefly, the intracluster time constant is the reciprocal of the estimated parameter 1 , and the intercluster time constant is the reciprocal of the product of the parameters p and 2 . The expected variance of estimated time constants was determined by generating 100 independent sets of simulated egglaying data using the coupled Poisson probability density f unction and computing the SD of the parameters estimated from these simulations.
RESULTS

Nicotinic receptors containing UNC-29 stimulate egglaying in C. elegans
Both nicotine and the more specific nicotinic agonist levamisole have dramatic effects on nematode egg-laying behavior. For example, both nicotine and levamisole stimulate egg-laying in hypertonic liquid medium (M9), a condition that normally inhibits egglaying (Trent et al., 1983; Weinshenker et al., 1995) . To identify the receptor that mediates this response, we assayed the effect of these drugs on the egg-laying behavior of mutants known to be defective in specific nicotinic acetylcholine receptor (nAChR) subunit proteins. In the body muscle, levamisole specifically activates a nicotinic receptor subtype containing a non-␣ subunit encoded by the unc-29 gene . We observed that whereas wild-type animals showed a robust dose-dependent stimulation of egg-laying by levamisole, mutants carrying recessive alleles of unc-29 showed little or no response to levamisole (Fig. 1 A) . unc-29 mutants were also less responsive to stimulation of egg-laying by acute treatment with the more general agonist nicotine (Fig. 1 B) . These results indicated that a nicotinic receptor containing the UNC-29 subunit protein facilitated egg-laying in C. elegans and that stimulation of egg-laying by the agonist levamisole represents a functional assay for the activity of these receptors in vivo.
To understand how the UNC-29-containing receptor promotes egg-laying, we investigated the expression pattern of the UNC-29 protein. Recently published studies indicated that UNC-29 receptors are expressed in the body wall muscle, as well as some unidentified neurons ; however, UNC-29 receptor expression within the cells involved in egg-laying was not reported. To determine whether the egg-laying neurons or muscle cells contained UNC-29 receptors, we used a sensitive CCD imaging system to investigate the expression pattern of a chimeric UNC -29 protein tagged with GFP at its C terminal. This UNC -29::GFP chimera was expressed under the control of its own promoter and could f unctionally rescue the movement and egg-laying (see Fig. 3A ) phenotypes of unc-29 recessive mutants. In multiple independent transgenic lines, we observed expression of UNC -29::GFP protein in the vulval muscles (Fig. 1C) . UNC -29::GFP expression was also detected in one of the two classes of egg-laying motoneurons, the VC s. To determine whether activation of UNC -29 receptors in the vulval muscles f unctioned to promote egg-laying, we analyzed the egg-laying behavior of animals that expressed f unctional UNC -29 protein only in these cells. We analyzed a transgenic line that carried an unc-29 loss-of-f unction allele on its chromosomes and expressed a f unctional unc-29 gene under the control of the ndE-box promoter, which drives expression only in the vulval muscles (Harfe and Fire, 1998) . For this transgenic line, levamisole induced robust, dose-dependent stimulation of egg-laying, indicating that the activity of vulval muscle UNC -29 receptors was sufficient to promote egg-laying ( Fig. 1 D) . Thus, egg-laying in response to levamisole resulted at least in part from the activity of UNC -29 receptors in the vulval muscles.
Effects of long-term nicotine exposure on egg-laying behavior
Using egg-laying as an assay, we investigated whether long-term exposure to nicotinic agonists led to adaptation of unc-29-dependent nicotinic responses. We therefore cultured wild-type hermaphrodites for long (16 hr) periods in the presence of nicotine and then assayed their egg-laying behavior. We observed that chronic nicotine treatment did not prevent egg-laying muscle contraction per se. However, the nicotine-adapted animals were strongly resistant to stimulation of egg-laying by levamisole ( Fig.  2 A) . Because these animals still laid eggs in response to the neurotransmitter serotonin, long-term nicotine treatment appeared to downregulate specifically the egg-laying response to levamisole. This adaptive response to nicotine was induced slowly, because loss Poole, and Schafer, unpublished observations unc-29(x29) ] with that of a transgenic line that express a functional unc-29 allele under control of the vulval muscle-specific 18ndE-box enhancer (AQ497, unc-29(x29); dpy-20(e1282); ljEx8[18ndE-box::unc-29, dpy-20(ϩ)] ). Individual points and error bars indicate the mean and SEM of 20 or more trials. At 25 M, the AQ497 worms laid significantly more eggs according to the Mann-Whitney rank-sum test (*p Ͻ 0.001).
of the levamisole response occurred only after 1-3 hr of nicotine exposure (Fig. 2 B) . Adaptation to nicotine was also surprisingly long lasting; when nicotine-adapted animals were transferred to drug-free medium, even 24 hr after removal from nicotine most animals remained levamisole insensitive (Fig. 2C ). Only at 36 hr after removal from nicotine did the nicotine-adapted animals recover their full responsiveness to levamisole. Thus, prolonged exposure to nicotine resulted in a persistent loss of sensitivity to nicotinic agonists with respect to egg-laying behavior. Because transgenic lines that expressed functional UNC-29 only in the vulval muscles also became levamisole insensitive after overnight nicotine treatment (Fig. 2 D) , this adaptation to nicotine appeared to affect the nicotinic response of the vulval muscles themselves.
Long-term nicotine treatment also caused changes in egg-laying behavior in the absence of drug. Egg-laying in C. elegans occurs in a specific temporal pattern; egg-laying events are clustered, with periods of active egg-laying, or active phases, separated by long inactive phases during which eggs are retained. Both the duration of the inactive phases (intercluster intervals) and the duration of intervals between egg-laying events in a cluster (intracluster intervals) model as exponential random variables with different time constants (Waggoner et al., 1998) . Although wild-type hermaphrodites that had been exposed to nicotine overnight could still lay eggs, their pattern of egg-laying behavior was abnormal; their overall rate of egg-laying was lower, and the inactive egg-laying phase was significantly longer than that of naive animals under the Figure 2 . Long-term adaptation of levamisole receptors to nicotine. A, Effect of overnight nicotine treatment on the levamisole response. Shown are levamisole dose-response curves for wild-type animals cultured overnight in the presence of nicotine (30 mM); the dose-response curve of naive animals under the same conditions is shown as a control. Egg-laying was measured after 4 hr at the indicated condition. Points and error bars indicate the mean and SEM of 18 or more trials; at 25 M, the nicotine-adapted animals laid significantly fewer eggs than did the naive animals according to the Mann-Whitney rank-sum test (*p Ͻ 0.001). These nicotine-adapted animals responded normally to serotonin; egg-laying rates in M9 salts containing 7.5 mM serotonin were as follows: naive, 2.7 Ϯ 1.2 eggs/hr; nicotine-adapted, 2.5 Ϯ 0.6 eggs/hr (n ϭ 12 in both cases). B, Time course of nicotine adaptation. N2 hermaphrodites were placed on seeded NGM containing 30 mM nicotine for the indicated length of time and then assayed individually for egg-laying in M9 ϩ 25 M levamisole as described in A. Points and error bars indicate the mean and SEM of 18 trials. C, Long-term persistence of nicotine adaptation. The histogram shows the time course of recovery of levamisole responses in nicotine-adapted animals. N2 animals were grown overnight on NGM with 30 mM nicotine and then transferred to drug-free NGM plates for the indicated times; egg-laying in response to 25 M levamisole was tested as described. Asterisks indicate time points in which the levamisole response was significantly lower in the nicotine-adapted animals than in the mock-treated animals grown on NGM without nicotine (*p Ͻ 0.001). Vertical bars and error bars indicate the mean and SEM of at least 18 trials. D, Nicotine adaptation in animals expressing only vulval muscle UNC-29 receptors. Shown are the levamisole dose-response curves for nicotine-treated animals expressing unc-29 only in the vulval muscles; naive animals are shown as a control. Animals of the strain AQ497 (genotype unc-29(x29); dpy-20(e1282); ljEx8 [18ndE-box::unc-29, dpy-20(ϩ) ]) were cultured overnight on NGM containing 30 mM nicotine and then assayed for egg-laying in response to levamisole as described. Points and error bars represent the mean and SEM of 20 or more trials. An asterisk indicates significantly less egg-laying according to the Mann-Whitney rank-sum test (*p Ͻ 0.001).
same condition. This temporal pattern was similar to (although more severely abnormal than) the pattern seen in animals carrying mutations in unc-29 (Table 1) . These results were therefore consistent with the possibility that the alteration in egg-laying behavior induced by long-term nicotine exposure resulted at least in part from a loss of unc-29 function in the vulval muscles.
Chronic nicotine treatment results in decreased UNC-29 abundance
In principle, inactivation of UNC-29 receptor activity could occur by a variety of mechanisms. One possibility we considered was that chronic nicotine exposure could cause changes in the expression or localization of the UNC-29 receptor protein, leading to a reduction in the number of receptors at the cell surface. To investigate this possibility, we used transgenic animals expressing GFP-tagged UNC-29 protein to examine the effect of long-term nicotine exposure on UNC-29 protein levels. The unc-29::GFP chimera we used functionally rescued the behavioral abnormalities of unc-29 lossof-function mutations, including those associated with egg-laying, and the levamisole response mediated by the chimeric receptor protein was also subject to adaptation by long-term nicotine treatment (Fig. 3A) . Interestingly, we observed that chronic nicotine treatment also caused a dramatic reduction in the level of UNC-29::GFP fluorescence in the vulval muscles (Fig. 3B) . This nicotine-induced reduction in UNC-29::GFP did not require the unc-29 promoter or 3Ј-untranslated region (3Ј-UTR), because transgenic animals that expressed UNC-29::GFP in the vulval muscles under the control of the ectopic myo-3 promoter and unc-54 3Ј-UTR showed a qualitatively and quantitatively similar response (Fig. 3C) . The time course of downregulation of UNC-29::GFP abundance was slow; 12-24 hr of nicotine exposure was required to observe the maximum effect (Fig. 3D) . The loss of UNC-29::GFP fluorescence was not merely the result of a nonspecific effect of nicotine on GFP, because long-term nicotine exposure did not alter the fluorescent intensity of a VC-expressed VAMP::GFP synaptic marker (Fig. 4 A) or of GFP itself expressed in the vulval muscles under the control of the tpa-1 promoter (see Interestingly, the more specific nicotinic agonist levamisole ap- Figure 4 . Specificity of the long-term effects of nicotine on egg-laying. A, Effect of long-term nicotine on VC-vulval muscle synapses. Shown here is the expression pattern of a synaptic marker (VAMP::GFP) that illuminates the VC-vulval muscle synapse, in both nicotine-treated (right) and naive (left) adult animals (synapse identified by long arrows; the vulva identified by a short arrow). Animals of the strain NM670 (genotype, ]) were cultured on NGM containing 30 mM nicotine overnight, and images were captured as described in Materials and Methods. Naive animals cultured on NGM alone are shown for comparison. B, Effect of chronic levamisole treatment on the levamisole response. Shown is the levamisole dose-response curve of wild-type animals grown in the presence of levamisole; the dose-response curve of naive animals under the same conditions is shown as a control. N2 hermaphrodites were cultured overnight on NGM containing 50 M levamisole and then assayed individually for egg-laying for 4 hr under the indicated condition as described in Figure 2 . Points and error bars indicate the mean and SEM of 18 or more trials. C, Effect of chronic levamisole treatment on UNC-29 receptor abundance. The histogram compares the UNC-29::GFP fluorescence intensity in the vulval muscles between naive ZZ2171 animals (see Fig. 3 ) and ZZ2171 animals treated overnight with levamisole (50 M) or nicotine (30 mM). Vertical bars and error bars indicate the mean and SEM of five or more trials; asterisks indicate a statistically significant difference from naive animals according to the Mann-Whitney rank-sum test (*p Ͻ 0.02). D, Effect of nicotine on vulval muscle UNC-29 protein levels in lev-1 mutants. Shown are digital images of naive (left) and nicotine-treated (right) lev-1 hermaphrodites expressing UNC-29::GFP in the vulval muscles. Animals of the strain AQ533 (genotype, ) were cultured on NGM containing 30 mM nicotine overnight; UNC-29::GFP fluorescence was measured as described previously (long arrows indicate vulval muscles, a short arrow indicates the vulva). Average fluorescence intensities were 120 Ϯ 20 (naive) and 0 Ϯ 0 (nicotine-treated); the difference between these values was statistically significant ( p Ͻ 0.001) according to the Mann-Whitney rank-sum test. Similar effects were seen in lev-8 and lev-9 mutant animals (J. Kim and W. R. Schafer, unpublished observations).
peared to be less potent in inducing adaptation than was nicotine. Although animals treated with levamisole overnight were less sensitive to subsequent stimulation of egg-laying by levamisole, they retained significantly more responsiveness to levamisole than did nicotine-adapted animals (Fig. 4 B) . Moreover, long-term exposure to levamisole caused only a small (although significant) reduction in the abundance of GFP-tagged UNC-29 protein in the vulval muscles (Fig. 4C) . One possible explanation of these results was that nicotine and levamisole might interact with the UNC-29 receptor molecule in different ways; alternatively, the long-term effect of nicotine on UNC-29 receptors might depend on a second, levamisole-insensitive nicotinic receptor in the vulval muscles. In agreement with the latter hypothesis, we found that the acute egg-laying response to nicotinic agonists was genetically separable from the long-term response to nicotine. Several genes, including lev-8, lev-9, and lev-1, are required for the acute stimulation of egg-laying by levamisole (J. Kim, D. S. Poole, and W. R. Schafer, unpublished observations), although they are not necessary for the assembly of levamisole-binding nAChRs (Lewis et al., 1987; Fleming et al., 1997) . However, we observed that none of these genes was required for the downregulation of UNC-29::GFP abundance in the vulval muscles in response to chronic nicotine treatment (Fig.  4 D) . Thus, although levamisole-sensitive UNC-29 receptors may be necessary for the acute effects of nicotine on egg-laying, a second nicotinic receptor may be at least partially responsible for nicotine's long-term effects on this behavior.
The PKC homolog TPA-1 is required for UNC-29 downregulation
What genes are required for nicotine adaptation in the egg-laying muscles? To investigate this question, we assayed C. elegans mutants with defects in genes encoding signaling molecules that function in the vulval muscles. One such gene was tpa-1, which encodes a C. elegans isoform of protein kinase C. Recessive mutations in tpa-1 confer resistance to phorbol esters but do not dramatically impair the health, fertility, or behavior of the worm (Tabuse et al., 1989) . We had demonstrated previously that TPA-1 is required for the acute stimulation of egg-laying by serotonin (Waggoner et al., 1998) . To determine whether tpa-1 was actually expressed in the vulval muscles, we generated transgenic lines expressing a GFP reporter under the control of one of the two tpa-1 promoters. We observed that one of these promoter fusions, tpa-1A::GFP, was strongly expressed in the vulval muscles, as well as in vulval epidermal cells and a variety of neurons, including the canalassociated neuron and many unidentified cells in the head and tail (Fig. 5) . The other promoter fusion, tpa-1B::GFP, was expressed in the lateral epidermis and in a few head neurons (Y. Tabuse and J. Miwa, unpublished observations). Thus, tpa-1 indeed appeared to encode an isoform of protein kinase C that was expressed in the vulval muscles.
To assess the possible role of tpa-1 in nicotine adaptation, we first assayed the effect of tpa-1 mutations on the induction of egg-laying by levamisole and on the inactivation of this response by long-term nicotine treatment. We found that naive tpa-1 mutant animals laid eggs in response to levamisole over the same range of concentrations as did wild-type, although the magnitude of this stimulation was somewhat lower in the tpa-1 mutant (Fig. 6 A) . Strikingly, however, we observed that tpa-1 mutants showed little or no reduction in levamisole-induced egg-laying after overnight exposure to nicotine (Fig. 6 B) , indicating that tpa-1 mutant animals were completely defective in nicotine adaptation. We also tested the effect of tpa-1 on the ability of nicotine to decrease UNC-29 receptor abundance in the vulval muscles. We observed that tpa-1 mutant animals expressing the UNC-29::GFP protein chimera in the vulval muscles retained high levels of fluorescence even after overnight nicotine treatment (Fig. 6C,D) . Thus, the tpa-1-encoded isoform of PKC appeared to be necessary for the nicotine-induced downregulation of UNC-29 receptor abundance and biological activity in the vulval muscles.
DISCUSSION
Nicotinic agonists have both acute and chronic effects on egg-laying behavior in C. elegans. We have shown that the acute stimulation of egg-laying by nicotine and the nicotinic agonist levamisole is mediated by nAChRs containing the subunit protein UNC-29. We found that these UNC-29 receptors are expressed in the vulval muscles, and expression of functional UNC-29 protein in the vulval muscles alone is sufficient to confer egg-laying sensitivity to nicotinic agonists. Thus, nicotinic agonists appear to stimulate egglaying at least in part via direct excitation of UNC-29-containing receptors in the vulval muscles. However, because unc-29 mutants are still capable of laying eggs, UNC-29 receptors do not appear to be necessary for egg-laying muscle contraction. The dispensability of UNC-29 for muscle contraction could be caused by a second, levamisole-insensitive nAChR in the vulval muscles that displays some functional redundancy with the UNC-29 receptor, as has been observed in the C. elegans body muscle (Richmond and Jorgensen, 1999) . Alternatively, the vulval muscles, like the C. elegans pharyngeal muscles, could possess intrinsic contractile activity and use nicotinic receptors only as a means to induce more rapid contraction (Raizen and Avery, 1994) .
Chronic exposure to nicotinic agonists had dramatic effects on C. elegans egg-laying behavior that were long lasting and specific. Overnight treatment with nicotine induced a strong and persistent resistance to the stimulation of egg-laying by levamisole and resulted in an altered egg-laying pattern resembling that of nicotinic receptor-deficient mutants. Yet this adaptation to nicotine did not prevent egg-laying muscle contraction per se, nor did it affect the stimulation of egg-laying by noncholinergic agents such as serotonin. Chronic nicotine treatment also attenuated the levamisole responses of animals expressing functional UNC-29 protein only in the vulval muscles, indicating that the behavioral effects of long- By the same test, the tpa-1 mutants showed no significant reduction in response to levamisole after overnight nicotine treatment ( p Ͼ 0.5). C, Effect of nicotine on vulval muscle UNC-29 protein levels in tpa-1 mutants. Shown here are digital images of naive (left) and nicotine-treated (right) tpa-1 mutant hermaphrodites expressing UNC-29::GFP in the vulval muscles under the control of the myo-3 promoter (see Fig. 4 ). Long arrows indicate vulval muscles, and a short arrow indicates the vulva. Animals of the strain AQ521 (genotype, ) were cultured on NGM containing 30 mM nicotine overnight; UNC-29::GFP fluorescence was measured as described previously. term nicotine treatment result at least in part from effects on the vulval muscles themselves. Interestingly, chronic exposure to levamisole, an agonist that appears to be somewhat specific for UNC-29-containing receptors, downregulated UNC-29 receptor abundance only moderately. Moreover, the ability of nicotine to downregulate UNC-29 receptor levels was independent of several genes that are required for acute stimulation of egg-laying by levamisole, including another candidate subunit of the levamisole receptor (i.e., lev-1). Thus, the regulation by nicotine of UNC-29 receptor abundance in the vulval muscles may not be simply a consequence of prolonged activation of levamisole receptors in the vulval muscles but rather might depend on the activity of other levamisole-insensitive nicotinic receptors in the egg-laying muscles and/or neurons. Interestingly, the loss of behavioral sensitivity to nicotinic agonists was accompanied by a concomitant reduction in UNC-29 protein abundance in the vulval muscle cells. This effect on UNC-29 protein level was independent of the unc-29 promoter, because downregulation still occurred in transgenic animals that expressed UNC-29::GFP under the control of the myo-3 muscle myosin promoter. Downregulation was also independent of the unc-29 3Ј-UTR sequences, which in nearly all cases are the critical determinant of mRNA stability, export, and translatability in C. elegans (Ahringer and Kimble, 1991; Seydoux, 1996; Graves et al., 1999) . Because the unc-29-coding region appeared to be sufficient to confer UNC-29 downregulation in the vulval muscles, this suggests that this downregulation most likely involves a posttranslational mechanism. Post-translational regulation of nicotinic receptor levels has been observed in a number of vertebrate systems (Marks et al., 1992; Peng et al., 1994; Bencherif et al., 1995) ; however, the genetic and molecular requirements for these processes remain primarily uncharacterized. Because the chronic effect of nicotine on C. elegans egg-laying behavior depends on a process at least formally analogous to nAChR downregulation in vertebrates, genetic analysis of these processes in nematodes may provide important clues to the molecular basis of nAChR regulation in other organisms.
One gene that we found to be essential for the nicotine-induced downregulation of UNC-29 abundance was tpa-1, which encodes a homolog of protein kinase C. In contrast to wild-type animals, tpa-1 mutants maintained high levels of UNC-29 receptors in the vulval muscles and remained sensitive to the behavioral effects of levamisole after long-term exposure to nicotine. The mechanistic basis for why TPA-1/PKC is required for nicotine regulation of UNC-29 receptor abundance remains to be determined. Probably the simplest model for TPA-1 action is that direct phosphorylation of one or more subunits of the nicotinic receptors in the vulval muscles by TPA-1/PKC somehow targets them for increased degradation. The UNC-29 protein, like other candidate subunits of the levamisole receptor (e.g., LEV-1 and UNC-38), contains consensus sequences for PKC phosphorylation within the M3-M4 cytoplasmic loop (Pearson and Kemp, 1991; Fleming et al., 1997) , and preliminary biochemical experiments indicate that these sequences can serve as substrates for the human ortholog of TPA-1 in vitro (L. E. Waggoner, unpublished observations). Thus, direct phosphorylation of one or more subunits of the vulval muscle levamisole receptors is a reasonable possibility. It is well established that phosphorylation of the M3-M4 loop by protein kinases can modulate the activity of nAChRs by enhancing their rate of desensitization (Huganir and Greengard, 1983; Huganir et al., 1984 Huganir et al., , 1986 Eusebi et al., 1985; Downing and Role, 1987; Safran et al., 1987; Hopfield et al., 1988) . It is reasonable to suppose that receptor phosphorylation by PKC may also be linked to processes affecting nAChR abundance, such as protein targeting or degradation. In this regard, it is interesting to note that in rat muscle cells, a variety of intracellular signaling pathways have been shown to regulate the degradation rate of nicotinic receptors during formation of the neuromuscular junction (O'Malley et al., 1997). Alternatively, some or all of the effects of PKC could be indirect, and the actual substrates of PKC could be molecules that directly or indirectly regulate the stability or targeting of the receptor. For example, rapsyn, a peripheral membrane protein that acts to stabilize nicotinic receptors in skeletal muscle (Wang et al., 1999) , contains a potential target sequence for PKC; thus, phosphorylation of a C. elegans rapsyn might inhibit its ability to stabilize UNC-29 receptors, leading to increased receptor turnover. It is also possible that PKC signaling in neighboring cells, for example, the vulval epidermis, could influence nicotinic receptor abundance in the vulval muscles via neuroendocrine signaling. The availability of simple and robust assays for nicotinic receptor activity and abundance in C. elegans should make it possible to use genetic analysis to identify the PKC target(s) relevant to nicotine adaptation, along with other molecules that participate in long-term responses to nicotine.
